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The Chuetsu-Oki Earthquake occurred on July 16, 2007. To understand the mechanism of earthquake gen-
eration, it is important to obtain a detailed seismic activity. Since the source region of the 2007 Chuetsu-oki
Earthquake lies mainly offshore of Chuetsu region, a central part of Niigata Prefecture, it is difﬁcult to estimate
the geometry of faults using only the land seismic network data. A precise aftershock distribution is essential
to determine the fault geometry of the mainshock. To obtain the detailed aftershock distribution of the 2007
Chuetsu-oki Earthquake, 32 Ocean Bottom Seismometers (OBSs) were deployed from July 25 to August 28 in
and around the source region of the mainshock. In addition, a seismic survey using airguns and OBSs was carried
out during the observation to obtain a seismic velocity structure below the observation area for precise hypocenter
determination. Seven hundred and four aftershocks were recorded with high spatial resolution during the obser-
vation period using OBSs, temporally installed land seismic stations, and telemetered seismic land stations and
were located using the double-difference method. Most of the aftershocks occurred in a depth range of 6–15 km,
which corresponds to the 6-km/s layer. From the depth distribution of the hypocenters, the aftershocks occurred
along a plane dipping to the southeast in the whole aftershock region. The dip angle of this plane is approximately
40◦. This single plane with a dip to the southeast is considered to represent the fault plane of the mainshock. The
regions where few aftershocks occurred are related to the asperities where large slip is estimated from the data of
the mainshock. The OBS observation is indispensable to determine the precise depths of events which occur in
offshore regions even close to a coast.
Key words: 2007 Chuetsu-oki Earthquake, aftershock distribution, fault geometry, ocean bottom seismometer
(OBS).
1. Introduction
The Niigata-ken Chuetsui-oki Earthquake in 2007
(Mj 6.8) occurred at a shallow depth near the central coast
of Niigata Prefecture, Japan, on July 16, 2007, and strongly
shook the region of the Niigata and Nagano Prefectures,
with a maximum seismic intensity of an upper 6 on the
Japan Meteorological Agency (JMA) scale, causing large
damage. Many aftershocks occurred following the main-
shock. The magnitude of the largest aftershock that oc-
curred on the same day as the mainshock is 5.8. Prior to the
mainshock, two large earthquakes (the Chuetsu Earthquake,
Mj 6.8, 2004; the Noto-Hanto Earthquake, Mj 6.9, 2007)
had occurred in the coastal area of the Japan Sea in central
Japan (Fig. 1). The source region of the Chuetsu-oki Earth-
quake lies mainly under an offshore region that stretches
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from a few kilometers to 15 km off the coast of the Chuetsu
region. Although it was estimated using land seismic net-
works that the mainshock has a thrust-type focal mechanism
with a compressional axis of northwest-southeast, it is dif-
ﬁcult to estimate an exact focal plane geometry using only
the land seismic networks. A precise aftershock distribution
is needed to deﬁne the geometry of the mainshock fault. In
addition, this kind of information is useful for studies of
earthquake generation and tectonics in this region. The pre-
cise determination of aftershock distribution is difﬁcult us-
ing only land seismic network data when the source region
is positioned under an offshore area near a coast line. It is
widely known that an ocean bottom seismometer (OBS) ob-
servation is essential to obtain a high-resolution aftershock
distribution associated with large earthquakes that occurred
in the marine environment (e.g., Shinohara et al., 2004;
Sakai et al., 2005; Yamada et al., 2005). In addition, a spa-
tially dense OBS observation is also necessary for a precise
distribution of aftershocks occurring near a coast line be-
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Fig. 1. Location map of ocean bottom seismometers and land seismic
stations used for this study. Bathymetric contours indicate water depths
of 100, 200, 500, and 1000 m. Circles indicate the positions of pop-up
type OBSs. Inverted triangles denote the position of land seismic station
used for this study. Small gray circles denote epicenters of aftershocks
determined by the Japan Meteorological Agency from July 26 to August
24, 2007. Large and small stars indicate the epicenters of the mainshock
and the largest aftershock, respectively. The mainshock and the largest
aftershock were relocated by Sakai et al. (in preparation) using perma-
nent telemetered land seismic stations. Thick lines labeled as S-7 and
S-8 indicate the proﬁles of the seismic refraction/structural survey dur-
ing the KR07-E01 research cruise. P16 indicates the number of OBS in
Fig. 2. Inset is the index map of the study area. Arrow and rectangle
show the location of the study area.
cause a seismic network must cover a whole source region
(Uehira et al., 2006; Yamada et al., 2008).
Nine days after the mainshock, we started the aftershock
observation using pop-up type OBSs in order to obtain de-
tailed aftershock lateral and depth distributions of the 2007
Chuetsu-oki Earthquake. We deployed 32 OBSs for a pe-
riod of 1 month in the high-activity aftershock region of the
mainshock. A large number of temporary land seismic sta-
tions were also deployed in the vicinity of the source region
by the “Group for the Aftershock Observations of the 2007
Niigata-ken Chuetsu-oki Earthquake” (Kato et al., 2008;
Sakai et al., in preparation). This paper describes the OBS
observations and the precise aftershock distribution, with
particular focus on the depths of the events, using pop-up
OBSs in the whole aftershock area combined with a part of
land seismic stations. Using the precise aftershock distribu-
tion determined by the dense OBS network, we discuss the
geometry of the fault of the 2007 Chuetsu-oki Earthquake.
2. Observations
The M/V Kaiko-maru No. 12 (Offshore Operation Co.,
chartered by Earthquake Research Institute (ERI), Univer-
sity of Tokyo) was used to deploy the OBS (Fig. 1) and
was completed on July 26. From August 18 to 28, all of
the OBSs were successfully recovered during the KR07-
E01 research cruise of the R/V Kairei operated by the
Japan Agency for Marine-Earth Science and Technology
(JAMSTEC). A seismic survey using airguns and short-
period OBSs was also carried out during the KR07-E01
cruise to obtain seismic velocity structures in the observa-
tion area to be used for precise hypocenter determination.
The OBSs for aftershock observation also recorded airgun
signals. Airguns were shot on two proﬁles parallel to the
coast (S-7 and S-8 in Fig. 1). The total capacities of the
airguns were 200 liters and 100 liters for proﬁle S-7 and
proﬁle S-8, respectively. The shooting intervals were ap-
proximately 230 m and 150 m for S-7 and S-8, respectively.
The observation area is 50 × 40 km and covers the area
of high aftershock activity and the northwestern area from
the source region where no permanent seismic station is
installed. The OBS interval was approximately 5 km in the
source region in order to obtain spatially dense data. The
depth of the water in the source region is 100–200 m. In
the seaward area, OBSs were deployed at intervals of about
10 km because this region had little aftershock activity. In
the southwestern part of the source region, no OBS was
deployed in consideration of local ﬁshery activities.
All of the deployed OBSs had nearly the same conﬁgu-
ration. Thirty OBSs have one vertical and two horizontal
velocity-sensitive electro-magnetic geophones with a natu-
ral frequency of 4.5 Hz and the others use three-component
2-Hz velocity geophones. The resolution of the A/D con-
version is 16 bits or 24 bits. Accurate timing, estimated to
be within 0.05 s, is provided by a crystal oscillator. All of
the OBSs are a pop-up type with an acoustic release system.
The positions of the OBSs on the sea ﬂoor were based on
the deployment positions measured using the ship’s GPS
because of the shallow depth of the water. We also deter-
mined exact water depth of the OBSs by acoustic ranging.
For some OBSs, the positions on the sea ﬂoor and the accu-
racy of timing were conﬁrmed by the travel times of water-
direct waves from the airguns. The accuracy of the OBS
positions on the sea ﬂoor is estimated to be tens of me-
ters. The land seismic stations used for this study consist
of 12 temporal seismic stations installed by ERI, University
of Tokyo (Kato et al., 2008; Sakai et al., in preparation) and
four permanent telemetered land seismic stations.
3. Data and Hypocenter Determination
We used waveform data from the OBSs and several land
seismic stations. We selected 715 events which the JMA
had determined using the data of the permanent telemetered
land seismic network operated by the National Research In-
stitute for Earth Science and Disaster Prevention (NIED),
JMA, and universities (the JMA uniﬁed hypocenter cata-
log). Data from all OBSs and land stations were combined
into multistation waveform data ﬁles for each event. P-
and S-wave arrival times were picked on a computer dis-
play (Urabe and Tsukada, 1991).
Precise velocity structure in the study region is essential
for accurate hypocenter location. We have two proﬁles for
seismic structure during the KR07-E01 cruise. First, we
made record sections of the airguns for the OBSs below the
proﬁles (Fig. 2). All the record sections of the OBSs have
similar characteristics. In the vertical component record
sections, the apparent velocity of ﬁrst arrivals at distances
up to 20 km gradually increases and is 6.0–6.3 km/s at dis-
tances greater than 20 km (Fig. 2). One-dimensional (1-D)
P-wave velocity structure in a shallow region just below
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Fig. 2. Top: Observed airgun signals recorded by OBS P-16 on the proﬁle
S-7, vertical component. A band-pass ﬁlter (3–15 Hz) was applied to
the observed data. Each trace is normalized to its maximum amplitude.
Reduction velocity is 6 km/s. Symbols indicate the estimated travel time
from the ﬁnal velocity model. Middle: Ray diagram for P-16 calculated
using the ﬁnal velocity model. Ray paths cover the sedimentary layers
and top of the 6-km/s layer. Bottom: Final P-wave velocity model
derived by 2-D ray tracing method. Numerals are P-wave velocities in
km/s. The velocities are also color-coded. Inverted triangles at the top
indicate the positions of OBSs on the proﬁle S-7.
each OBS was obtained by τ -p method (Shinohara et al.,
1994). The set of 1-D P-wave velocity structure just be-
low each OBS was used to construct an initial model for the
2-D ray tracing method (Zelt and Smith, 1992). We used a
trial-and-error method to obtain a 2-D velocity model that
can explain the observed travel times of ﬁrst and later ar-
rivals for all the OBS on the proﬁles (Fig. 2). The estimated
velocity structures below the proﬁles have a little lateral het-
erogeneity. The shallow structure can be divided into two
layers based on the velocities and vertical velocity gradient:
the upper and lower layers have P-wave velocities of 1.7–
3.0 km/s and 3.1–5.3 km/s, respectively. The total thickness
of the shallow layers is approximately 7 km, and these lay-
ers have a large vertical velocity gradient. A layer with a
P-wave velocity of 6.2 km/s exists below the shallow layers
and is relatively homogeneous vertically. We constructed a
simple seismic structure based on the results of the seismic
structural surveys to be used for the hypocenter locations
(Fig. 3). Since we obtained no information for the region
deeper than 10 km from the seismic surveys, we adopted a
Fig. 3. P-wave velocity structure models for the hypocenter determina-
tion. Thin solid lines indicate the estimated velocity structure just be-
low OBSs. The red dotted line and blue dotted line denote the P-wave
velocity models for the preliminary location and the double-difference
method, respectively. The models are derived from the refraction exper-
iment carried out using the OBSs during the aftershock observation.
velocity structure that is used for the routine hypocenter de-
termination at ERI, University of Tokyo. We also assumed
that the ratio of P-wave to S-wave velocity is 1.73. Since
the thickness and velocity of the uppermost layers changes
at each OBS site, the estimated travel times by the location
program must be corrected.
Preliminary hypocenter locations were determined by the
maximum-likelihood estimation technique of Hirata and
Matsu’ura (1987). Because of the uncertainty in the sedi-
mentary layer in terms of thickness and seismic velocity, we
used the following method. First, we located the hypocen-
ter using P- and S-wave arrival times with assumed sta-
tion correction values for the used velocity structure. Av-
eraged differences between observed travel time and esti-
mated travel times (O-C times) for each station were cal-
culated. The averaged O-C times were added to the pre-
vious station correction values, and the hypocenters were
relocated. We repeated this procedure two times. After
this procedure, the averaged O-C times become less than
0.1 s for both the P-wave and S-wave. Finally, hypocen-
ters were relocated by the double-difference (DD) method
(Waldhauser and Ellsworth, 2000). We reconstructed a ve-
locity structure for the DD method (Fig. 3) because the DD
method accepts an 1-D structure where each layer has a con-
stant velocity. A velocity of each layer for the DD method
was determined based on the velocity structure for the pre-
liminary location. Magnitudes of the aftershocks were esti-
mated using the maximum amplitudes of the data recorded
by the land array (Watanabe, 1971).
The OBS and land station network located 704 earth-
quakes using the DD method (Fig. 4). During the pre-
liminary location, errors of each aftershock location were
calculated from the total covarience matrix of the location
program (Hirata and Matsu’ura, 1987). As a result, the
aftershocks whose epicenters are within our network have
small errors, thereby conﬁrming the potential to precisely
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Fig. 4. Final hypocenter distribution (July 26–August 24, 2007) arrived at using the double-difference method with bathymetry. The inverted triangles
indicate the positions of the pop-up type OBSs and the land seismic station used for this study. The circles ﬁlled with color represent hypocenters.
The depth of events are color-coded. The diameters of the circles are proportional to the magnitudes. Large and small stars indicate the positions
of the mainshock and the largest aftershock, respectively. Contours indicate water depths of 100, 200, and 500 m. In the vertical section, the
concentration of the aftershocks in depths of 6–15 km is clearly recognized. From the NW-SE vertical cross section, the aftershocks become deeper
to the southeastward.
locate aftershocks. Average location errors are approxi-
mately 0.1 km in the horizontal direction and about 0.3 km
in depth. In other words, the resolution of the hypocenter is
considerably high within our seismic network.
4. Results
Figure 4 shows the high-resolution locations of after-
shocks of the 2007 Chuetsui-oki Earthquake. Most of the
aftershocks occurred at depths ranging from 6 km to 15 km
and under the offshore area. The epicenters of most of the
aftershocks are distributed in an area of 28 × 10 km. In gen-
eral, aftershocks that are positioned in the northwestern part
are shallower than those in the southeastern part. Seismic
activity in the aftershock area did not change appreciably in
terms of number or magnitude of events over the duration
of the observation. The epicenter distribution is not uni-
form, even in the high activity region of 28 × 10 km. In
the southwestern part of the source region, epicenters form
a doughnut-shape. The existence of the low-seismicity re-
gion in the southwestern part of the source area (the center
of the doughnut shape) is conﬁrmed because the location
errors of the aftershocks are enough small (less than 1 km
in the horizontal direction). On the other hand, epicenters
are distributed homogeneously in the northeastern area. The
aftershock region below the southwestern part is a few kilo-
meters shallower than those in the northeastern area. The
earthquakes with a depth greater than 18 km are limited to
the easternmost area of the aftershock area.
5. Discussion
The hypocenters determined by the OBS and land sta-
tion network correspond to those determined by the JMA
from the permanent land seismic network (the JMA uniﬁed
hypocenter catalog). Here, we compare our results to those
reported by the JMA. Although most of the hypocenters re-
ported by the JMA in the study region have depths greater
than 15 km, most of those determined by our network have
focal depths of less than 15 km. This indicates that the
depths of events determined by using only the land seismic
network data have a large uncertainty for events occurring
offshore. Because our OBS and land station network cov-
ered the whole aftershock area, a high resolution of depth is
obtained for each event. The absolute depth of each event
depends on the velocity structure used for the hypocenter
location. In this study, we adopt the velocity structure esti-
mated by the seismic survey. Since the hypocenter location
program is based on a 1-D structure with a constant Vp/Vs
ratio (1.73), the travel times estimated by the location pro-
gram were corrected at each OBS station for local hetero-
geneity, such as a thickness change of the sedimentary lay-
ers. Additionally, S-wave velocities in the location program
affect the estimation of the event depth. Because a sedimen-
tary layer below the sea ﬂoor generally has a large Vp/Vs
value, a correction value for S-wave travel times becomes
large. Therefore, it is important to estimate S-wave veloci-
ties of a sedimentary layer exactly for high-resolution loca-
tion. We estimated an average Vp/Vs ratio of the shallow
layers whose P-wave velocity is less than 5.3 km/s based on
the travel times of converted waves from the airguns during
the seismic structure survey by using the same 1-D veloc-
ity location code for the preliminary location. The aver-
age Vp/Vs ratio of 2.2 for the shallow layers is consistent
with the correction values for the S-wave travel times of the
OBSs. Consequently, we estimate that the absolute errors
of the event locations are less than 1 km for both the hor-
izontal position and depth. Since most of the aftershocks
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Fig. 5. Vertical cross sections of the aftershocks for ten regions (labeled with numbers). Each vertical section shows the aftershock distribution
projected on a vertical plane along the N60W-S120E direction. Each region has a width of 3 km and a length of 30 km. The colored circles represent
hypocenters. The diameters of the circles are proportional to the magnitudes. The ﬁlling color indicates the origin time of the event. Large and small
stars indicate the positions of the mainshock and the largest aftershock, respectively. The inverted triangles indicate the projected positions of the
seismic station used for this study. Dashed lines in sections 1, 6, and 10 indicate the planes formed by the aftershocks. Lines are drawn in the same
position for each section and have the same dip angle of 40◦. The slip distribution by Koketsu et al. (2007) is also shown in the epicentral distribution
(lower right).
have depths greater than 6 km, the high-activity region of
the aftershock exists in the 6-km/s layer.
In cross sections of the hypocentral distribution projected
on a vertical plane in the NW-SE direction, we can clearly
see the aftershocks form a plane dipping to the southeast
in the whole aftershock area (Fig. 5). Although a plane
dipping to the southeast is obviously seen in the north-
ernmost part and the southern part of the aftershock area
(Fig. 5, sections 1 and 4–10, dashed lines labeled as A and
B), there seem to be a few planes in the northern part of
the aftershock region (Fig. 5, sections 2–4). In particular,
some planes in the northern part have dips to the north-
west. However, horizontal lengths of the planes dipping to
the northwest are small (less than 3 km), and events form-
ing the northwest-dipping plane occurred constantly during
the observation time period (Fig. 5). It is thought that a
number of events on the NW-dipping decreases with time
when the NW-dipping plane was ruptured at the mainshock.
Therefore, we interpret that the events which form the NW-
dipping planes did not occur on the mainshock fault plane.
The small areas of the NW-dipping planes are estimated not
to make a large contribution to the radiation of seismic en-
ergy during the main rupture.
The hypocenter distribution determined by the JMA indi-
cates that there was a possibility that the faults of the main-
shock consist of a southeast-dipping plane close to the coast
and another plane dipping to the northwest far from the
coast in the offshore region. However, the JMA depth res-
olution of hypocenters located far out at sea becomes poor
because the events were located using only land data. In
contrast, in our results, there is no NW-dipping plane in the
southern area of the source region. This implies that the
JMA planes dipping to the northwest far from the coast are
apparent because of low resolution of the depths of the lo-
cation.
The dip angle of the aftershock plane shown in Fig. 5 is
approximately 40◦. The JMA reports that the mainshock
focal mechanism based on polarities of the ﬁrst arrivals has
a SE dip of 37◦. Thus, the dip angle of the plane formed by
aftershocks is consistent with that of the mainshock mech-
anism solution. The size of the aftershock area on the SE-
dipping plane becomes 28 × 13 km in consideration of this
dip angle. This size of the aftershock region is compara-
ble to the magnitude of the mainshock. The depths of the
aftershocks forming the plane gradually become shallow in
the southwestern region. However, the dip angle and hori-
zontal position of the planes in each section do not change
so large. Therefore, the fault plane of the mainshock may
have a distorted shape. In Fig. 5, section 10, the dip angle
of a plane (dashed line labeled as C) formed by the events
in this section becomes large. Because there are no OBSs
above the event in the southernmost region of the aftershock
area, there is a possibility that this steep dip of the plane is
apparent.
Many investigations of the mainshock source rupture
processes of the Chuetsu-oki Earthquake have been carried
out using seismic data. For example, Koketsu et al. (2007)
used teleseismic P-wave and regional strong-motion seis-
mic data and estimated the source process for a fault plane
with a NW or SE dip. They concluded that it is difﬁcult to
distinguish a dip of the fault plane using only teleseismic
data and regional strong-motion data on land. They deter-
mined that the maximum dislocation is approximately 1.5 m
and the rupture propagated southwestward. We can com-
pare our results to their result in the case of the southeast
dipping plane (Fig. 5). There are a few regions where a large
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slip occurred (asperities) in the aftershock region, similar
to some previous large earthquakes that had a few regions
where a large slip occurred (e.g. Yamanaka and Kikuchi,
2004). The largest slip region is positioned at the central
region of the aftershock area below the coast. Another as-
perity exists in offshore region of the southern part. A com-
parison between the aftershock epicenter distribution and
the slip distribution clearly reveals that more aftershocks
occur outside of the large slip region. In other words, re-
gions where a few aftershocks occurred correspond to the
regions of the asperities. This tendency corresponds with
the hypothesis of Yamanaka and Kikuchi (2004). These re-
sults indicate that precise aftershock distribution is one of
indicators of a source rupture process.
6. Conclusions
In order to obtain a detailed aftershock distribution of
the 2007 Chuetsu-oki Earthquake, 32 OBSs were deployed
from July 25 to August 28 in and around the source region
of the mainshock. In addition, a seismic survey using air-
guns and short-period OBSs was carried out during the time
period of observation in order to obtain a seismic veloc-
ity structure for precise hypocenter determination. In this
paper, we present high-spatial resolution locations of the
704 aftershocks derived from joint analysis of the data from
the OBSs, temporally installed land seismic stations, and
telemetered seismic land stations. For the event locations,
we used the velocity structure obtained by the seismic sur-
vey conducted during the aftershock observation. Most of
the aftershocks are located at depths ranging from 6 km to
15 km. A comparison of the aftershock distribution to the
seismic structure shows that the high activity region of the
aftershocks is positioned in the 6-km/s layer. Cross sections
of the hypocentral distribution reveal that the aftershocks
form a SE-dipping plane in the whole aftershock region,
which we interpret as the fault plane of the mainshock. The
dip angle of the plane is consistent with that of the focal
solution of the mainshock. A correlation with the slip dis-
tribution of the source area indicates that regions with few
aftershocks correspond to asperities. The OBS observation
is essential to determine the precise depths of events which
occur in the marine area even close to a coast.
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